We report here a unique variant of alpha spectrin in a kindred with hereditary elliptocytosis. This novel red blood cell-membrane protein migrated to a position between the normal alphaand beta-spectrin subunits in SDS polyacrylamide gel electrophoresis. It was identified as an alpha spectrin by its binding to anti-alpha spectrin antibodies, by the absence of a phosphorylation site, and by the normal 1:1 stoichiometry between total alpha-and beta-spectrin molecules. The quantity of the alphaspectrin mutant, expressed as a percentage of the total alpha spectrin, varied from 9.9-45.2% among six affected individuals. Two-dimensional electrophoretic analysis of spectrin tryptic digests was qualitatively normal but showed a decreased quantity of a normal alpha IV fragment. The variable quantity of alphaspectrin mutant among family members correlated directly with the increased percentage of spectrin dimers in cold low ionic strength spectrin extracts (r = 0.92) and inversely with red blood cell ghost mechanical stability (r = -0.98). The data suggest that this new alpha-spectrin mutant is responsible for decreased spectrin dimer-dimer association and for red cell instability in affected individuals.
Introduction
The erythrocyte membrane skeleton plays an important role in the maintenance of red blood cell (RBC)' shape, deformability, and stability (1) (2) (3) . Spectrin, the principal protein of the membrane skeleton, is composed of alpha and beta subunits. These two filamentous polypeptides are aligned side by side to form spectrin heterodimers, which in turn self-associate to form spectrin tetramers and higher molecular weight oligomers. Spectrin also binds to another skeletal protein, actin, in the presence of a third protein, band 4.1, to form a richly anastamosing network adjacent to the inner aspect of the membrane lipid bilayer. The skeleton is anchored to the bilayer by yet another protein, anThis work was presented in part to the American Society ofHematology, New Orleans, LA (1985, Blood, 66 kyrin, which binds to both spectrin and the integral protein, band 3.
Abnormalities in the skeleton or its attachments have been discovered in a number of congenital hemolytic anemias. For example, molecular defects described in kindreds with hereditary elliptocytosis (HE) include a quantitative deficiency of protein 4.1 (4), defective ankyrin-band 3 binding (5) , and a number of qualitative defects in spectrin (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) . Most of alpha-and betaspectrin defects in HE result in diminished self-association of affected spectrin heterodimers (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) , leading to reduced formation of higher molecular weight forms of spectrin and, thus, to skeletal instability. Several previously described defects in alpha spectrin have been distinguished from one another by differing patterns of spectrin peptides generated by limited tryptic digestion (6, (10) (11) (12) (13) (14) . One beta-spectrin mutant exhibited defective binding to ankyrin (1 1), while several others displayed apparent alterations in molecular weight as estimated by SDS polyacrylamide gel electrophoresis (PAGE) (15, 16) .
We now report a new alpha-spectrin defect in a family with HE. This mutant alpha spectrin is unique because of its anomalous migration on SDS PAGE. A marked heterogeneity in the relative quantity ofthe alpha-spectrin mutant was found among affected family members. The strong correlation of the quantity of the mutant polypeptide with the extent of defective dimerdimer association and with skeletal instability underscores the importance of an intact spectrin complex for normal skeletal function.
Methods
Clinical material. Nine family members spanning three generations were available for study. These individuals are indicated in the pedigree (Fig.  1 (Fig. 2 C) . The father, III, of English descent, is hematologically normal (Fig. 2 D) . The (20) . RBC ghosts were then prepared at 0-40C as described by Dodge et al. (21) , with 0.2 mM PMSF added to minimize proteolysis.
Fairbanks nonlinear 3.5-17% polyacrylamide gradient SDS slab gels (22) were used for electrophoretic examination of RBC membrane proteins and to quantitate the spectrin to band 3 ratio. Ghosts or whole RBC were diluted 1:5 in SDS sample buffer (23) . After electrophoresis and staining with Coomassie Blue (22) , relative quantities of spectrin subunits were determined by densitometric scanning. The spectrin to band 3 ratio was determined by excising the stained bands (spectrin and band 3), eluting the dye in 25% pyridine overnight, and reading the absorbance at 605 nm (24) .
For immunological analysis, RBC membrane proteins were transferred from SDS slab gels onto nitrocellulose paper (0.45-nm pores) by overnight electroelution (25, 26 (27) . After the incubation, the RBCs were washed three times in normal saline. Ghosts were prepared as above and membrane proteins electrophoresed into a Fairbanks nonlinear 3.5-17% acrylamide gradient SDS slab gel. Autoradiographs were made by 2-h exposure of Kodak XAR-2 X-ray film to the dried gels in an intensifying cassette.
Spectrin analysis. RBC membrane ghosts were prepared at 0-4°C as described above. PMSF (0.2 mM final concentration) was added to all preparative solutions to prevent proteolysis. Spectrin extract was obtained from fresh ghosts by low ionic strength extraction for 16 h at 0-4°C according to Lawler and his colleagues (28) . The fraction of spectrin in the dimeric form was determined by low temperature (0-4°C), nondenaturing 2.5% acrylamide, and 0.3% agarose composite gel electrophoresis (29) . Spectrin dimers and tetramers were quantitated by densitometry and the percentage of spectrin in the dimeric form calculated (18) . For analysis of the alpha-and beta-subunit composition of spectrin dimers and tetramers, spectrin extracts were first subjected to nondenaturing gel electrophoresis and then analyzed in the second dimension in nonlinear 4.5-17% polyacrylamide gradient Laemmli SDS slab gels (23) .
Cold low ionic strength spectrin extract was also subjected to limited tryptic digestion. PMSF was removed by overnight dialysis at 4°C in 200 vol of 20 mM Tris buffer (pH 8.0) (30) . The (6, 8, 11, 12, 15 (Fig. 4) . The antibody used for this analysis reacted more strongly with alpha than with beta spectrin, and the relatively intense reactivity ofthe novel band suggested that it was an alpha-rather than a beta-spectrin mutant. In other immunoblots (Fig. 5) ). An attempt to examine the migration of the mutant in an SDS-free gel (titron-urea) was unsuccessful because spectrin is relatively insoluble in non-SDS systems. The fraction of spectrin dimers present in cold low ionic strength spectrin extracts was increased in family members with elliptocytosis (Table II) . The percentage of spectrin dimers correlated with the relative amount of the alpha-spectrin mutant for affected family members (r = 0.92). Two-dimensional PAGE (Fig. 7) , using nondenaturing tube gels in the first dimension and SDS slab gels in the second dimension showed that most alpha chain in the increased dimer fraction (from II2) was the alpha mutant, rather than the normal alpha chain. The mutant alpha spectrin also was present to a lesser degree in spectrin tetramers and higher molecular weight oligomers.
Low ionic strength extracts from the three elliptocytic family members with > 40% alpha spectrin mutant were subjected to limited tryptic digestion at 4°C for 16 h. The five normal alphaspectrin tryptic domains were identified by comparison with controls and published maps (14, 31) . The only abnormality was a decrease in the smaller of two normal alpha IV fragments (Fig. 8) . Immunoblots of these two-dimensional gels were prepared with the polyclonal anti-alpha I spectrin antibody and no differences between mutant and control spectrin were observed (data not shown). In addition, spectrin tryptic fragments (from I,) were analyzed by SDS PAGE after 1, 3, and 20 h ofdigestion and no difference from control was noted (data not shown). Erythrocytes from three individuals with elliptocytosis contain a mutant spectrin that is seen between the normal alpha and beta spectrin and that reacts more strongly than beta spectrin with the anti-spectrin antibody. The mechanical stability of RBC ghosts subjected stant shear stress in the ektacytometer was diminish portion to the amount ofalpha-spectrin mutant preset ghosts (Table II) . Two-dimensional electrophoresis of cold low ionic strength spectrin extract. In the first dimension, spectrin oligomers (0) have been separated from tetramers (T) and dimers (D) by nondenaturing agarose PAGE. The second dimension has separated the alpha spectrin from beta spectrin. The top gel shows spectrin from a control subject. In the bottom gel, which contains spectrin from an individual with elliptocytosis, the first dimension shows an increase in the percentage of spectrin dimers to 15%. The second dimension shows that most alpha spectrin in the increased dimer fraction is the alpha mutant, rather than the normal alpha chain. Note the presence of small amounts of mutant spectrin in tetramers and oligomers.
SDS PAGE
Af mutant ount of chanical stability and the amount of alpha-spectrin mutant was -0.98.
Discussion
The novel membrane protein identified in family members with elliptocytosis is an alpha-spectrin mutant because (a) it reacted more strongly than beta spectrin with an anti-spectrin antibody that has greater affinity for alpha than beta spectrin, (b) it reacted with a polyclonal anti-alpha spectrin antibody but not with an anti-beta spectrin antibody, (c) unlike beta spectrin, it could not be phosphorylated, and (d) the amount ofnormal alpha spectrin was decreased by an amount equivalent to the mutant in every instance, yielding the expected 1:1 stoichiometry between alphaand beta-spectrin molecules.
To our knowledge this mutant is the first alpha spectrin to be described with anomolous migration in SDS PAGE. This finding is not an artifact ofin vitro proteolysis because the quantity of the mutant protein was the same when intact RBCs were solubilized in SDS for electrophoresis, thus omitting the ghosting procedure. In addition, the quantity of the mutant protein for each individual was constant on repeated assays over a 2-yr time In other kindreds with HE, impaired spectrin dimer-dimer association has been linked with membrane skeletal instability (7, 9, 34) . We measured skeletal stability in the ektacytometer as a function of RBC ghost fragmentation. RBCs from individuals with greater amounts of the mutant protein demonstrated more rapid ghost fragmentation than individuals with less mu-0(M' tant. Thus, in this family, defective self-association of the (alpham-beta) dimer results in membrane skeletal instability. Presumably, this is responsible for the hemolysis observed in these individuals.
Palek has separated common HE into nine subtypes (35) . The apparent autosomal dominant inheritance, RBC morphology, and slight reticulocytosis observed in this family best fit the subtype of common HE with minimal hemolysis. However, the propositus had more severe hemolysis and poikilocytosis in infancy, thus fitting the subtype, common HE with infantile poikilocytosis. The history of significant neonatal jaundice in his brother and their mother suggests that they also may The precise molecular defect remains to be defined. Anomalous migration in SDS PAGE suggests a shortening ofthe alphaspectrin polypeptide. Alternatively, amino acid substitutions that alter the hydrophobicity ofa protein may affect mobility in SDS PAGE by altering SDS binding to the protein (36-38). Limited tryptic digestion oflow ionic strength spectrin extracts containing 40-45% mutant spectrin did not show any abnormal peptides. One possible explanation for this finding is that the site of shortening or mutation is a region of the spectrin molecule normally lost during the overnight tryptic digestion procedure. In an attempt to address this possibility, we analyzed spectrin tryptic fragments after only 1 and 3 h of digestion and no differences from control were noted in these less digested samples. Another possibility is that an abnormal tryptic peptide has gone undetected because ofco-migration with a normal fragment. Because other alpha-spectrin mutants associated with increased spectrin dimers have demonstrated abnormalities in the 80-kD alpha I tryptic domain (10, (12) (13) (14) 28) , we used a polyclonal anti-alpha I antibody to search for any novel alpha I tryptic fragments that might have escaped recognition on Coomassie-stained gels. Immunoblots oftwo-dimensional tryptic peptide maps showed that this antibody reacted normally with the 80-and 74-kD fragments generated from digestion of patient spectrin, and no abnormal alpha I fragments were detected.
Two findings from this study suggest the possibility of an alpha IV spectrin abnormality. The first is the decrease in the smaller alpha IV fragment noted in Coomassie-stained gels. The second finding is the decreased reactivity of the undigested mutant protein with a monoclonal antibody to the alpha IV domain. It is difficult to draw a firm conclusion from these observations. The tryptic digest abnormality may be real or merely an artifact due to subtle differences between samples in the extent of digestion. The decreased affinity of the undigested mutant protein for the alpha IV monoclonal antibody suggests an alteration of amide gradient). The five alpha spectrin domains are circled and indicated by Roman numerals. A decrease in the quantity of the smaller of two aIV fragments is indicated by the arrow.
the relevant epitope in the mutant's alpha IV domain. However, we do not know the location ofthis epitope within the alpha IV domain nor the nature ofthe mutation in alpha spectrin. Therefore, we cannot incriminate with certainty the alpha IV domain. Furthermore, it is unclear how a mutation in the alpha IV domain would interfere with spectrin dimer-dimer association, a function of the alpha I domain.
The striking difference in the amount ofthe mutant spectrin present in the various members of this kindred is a surprising finding in a disorder thought to be autosomal dominant. In three family members (II, Ill,, and 1112), 40-45% ofthe alpha spectrin was mutant protein. This is near the 50% value expected for an autosomal dominant disorder and similar to that observed in two other spectrin defects in which the relative amount ofmutant spectrin could be quantitated (15, 39) . However, erythrocytes from the other three affected family members contained considerably less mutant protein (9.9-27.7% of total alpha spectrin). This variability was not associated with a quantitative deficiency oftotal spectrin, as spectrin to band 3 ratios were normal. Thus, the variable percentage of mutant alpha spectrin reflects a variability in the actual quantity of the mutant protein among the affected individuals. Marchesi and her co-workers have recently described similar variability in a kindred with HE caused by another alpha-spectrin defect (14) . The relative amount of the intact mutant spectrin was not quantitated, but these individuals showed a variable susceptibility of the alpha I tryptic domain to limited tryptic digestion, suggesting varying amounts of mutant spectrin.
It has been demonstrated in both avian (40) and mammalian (41) erythroid progenitors that alpha spectrin is synthesized in excess ofbeta spectrin. Because the membrane skeleton ofmature erythrocytes contains an equal number of each of these complementary chains, it follows that many molecules of alpha spectrin are never incorporated into the membrane skeleton. Hence, variability in the relative amount of the mutant protein detected in circulating erythrocytes does not necessarily indicate ELLIPTOCYTOSIS equivalent variability in the translation of a mutant structural gene. For example, a decrease in the production ofnormal alpha spectrin on one chromosome might be undetectable in an otherwise normal RBC but would increase the relative amount of a mutant alpha spectrin inherited on the other chromosome (35) . One difficulty with postulating a second (silent) inherited defect affecting spectrin synthesis is the need to invoke separate inheritance of such a defect in two generations (I and III, see Fig. 1 ). These two generations both exhibit greater amounts of the alpha mutant than is seen in the intervening generation (II). Furthermore, in generation II itself, there is variability in the amount of mutant spectrin. Clearly, in vitro studies of spectrin synthesis would be of considerable interest in this family.
We also considered the possibility that the variable quantity of the mutant protein was the result of posttranslational modification ofthe alpha spectrin. In a preliminary attempt to address this issue, we compared the quantity of alpha mutant in erythrocytes separated by buoyant density. No differences in the percentage of alpha spectrin mutant were observed in the comparison of these density (age) separated erythrocytes. However, because membrane skeleton assembly is essentially completed before extrusion of the nucleus, these data do not exclude the possibility of posttranslational modification of the alpha spectrin before its incorporation into the skeleton.
The structural gene for alpha spectrin is located on the q arm of human chromosome 1 (42) near the gene for the Fy blood group antigen. Because a gene dictating the posttranslational modification of alpha spectrin might reside on a different region ofchromosome 1 or on another chromosome, we searched for linkage of the mutant alpha spectrin with the Fy antigen. Fy phenotyping of family members was inconclusive of linkage to the elliptocytosis defect. Hopefully, studies of genetic material from this family will reveal the precise nature and location of the mutation and help deliniate the mechanism(s) responsible for the different amounts of mutant protein found in affected family members.
